Abstract-This work analyses the effects of multipath diversity on the performance of wireless code division multiple access (CDMA) ad hoc networks. Expected progress per slot is used as the performance criterion for the capacity of the described model. The fading can unfavorably affect the data transmission in an wireless network. By the application of the well known rake receiver for CDMA systems, it is shown that multipath diversity significantly increases the CDMA ad hoc network performance, decreasing the harmful effects of the fading.
I. INTRODUCTION
Ad hoc networks is one of the most significant research fields nowadays. An wireless ad hoc network is a packet radio network in which the source transmits to the destination through one or more intermediate nodes, with no central control element. The temporary wireless networking capability of ad hoc networks have applications in military arena, public safety, conferences, business meetings, etc.
The network models used in the literature [1] [2] are generally derived from narrowband radio networks where at most one successful transmission at a time can occur in the covered region. In wireless CDMA ad hoc networks, multiple simultaneous successful transmissions are possible and the narrowband network results do not apply. CDMA is based on spread spectrum techniques, in which the users occupy the entire available bandwidth [3] . The main features of CDMA systems are multipath resistance, inherent multipath time diversity and interference rejection. Therefore, it is not a surprise that CDMA is being considered for ad hoc networks. However, the analysis of CDMA ad hoc network models presented in the literature [4] [5] [6] do not take into account the multipath fading on the network capacity.
The aim of this work is to analyse the benefits of multipath diversity to mitigate the loss due to the fading effects, improving the system performance and QoS (Quality of Service) requirements in a multihop CDMA network. A rake receiver in each mobile terminal is assumed. The network capacity is measured by the expected progress per slot [4] , which is defined as the number of bit-meters per symbol period per node. This work is structured as follows. In Section II, the system model is described. Section III discusses the factors that affect the network capacity. The impact of the multipath fading is discussed in Section IV. Section V summarizes the key conclusions.
II. SYSTEM MODEL
The system model consists of a direct-sequence CDMA ad hoc network with binary phase shift keying (BPSK) and rectangular chip pulse under heavy traffic conditions. The system is slotted and each terminal transmits independently of others with probability p. The traffic distribution is assumed to be uniform. During each slot, a snapshot of the terminals is taken, that is, the network topology is invariant over a packet transmission time, which is equivalent to have an invariant interference level during this time interval [4] . The position of terminals obeys an uniform distribution. The number of terminals in the network is modeled by a Poisson point process in a plane, with probability density function (PDF):
where the parameter λ is the average number of terminals per unit area and A r is the area of a given circular region in the plane of radius R a . Let's assume an wireless multihop network where the bandpass equivalent model of the transmitted signal in a environment with K terminals is given by:
where
where k represents the terminals index, A the transmitted signal amplitude, d k (t) is the k-th terminal information bit stream, τ k the symbol delay, c k (t) is the k-th terminal spreading sequence and y k is the path-loss of the terminal k, that is given by:
where β is the path-loss exponent and r k is the distance between the k-th terminal and the target terminal, which is located at the center of a circle of radius R, where R is the distance from the desired transmitter and the target user. The impulse response of the frequency-selective fading channel is given by:
where L = W/Δf c is the number of resolvable paths, W = 1/T c is the bandwidth of the transmitted real band-pass signal.
The channel coherence bandwidth is Δf c and T c is the chip time interval. The term α l (t) is a Rayleigh distributed random variable with PDF given by:
and ψ l (t) is the phase introduced by the channel, which is supposed to be an uniform distributed random variable. The symbol interval is assumed to be greater than the channel coherence time, then the fading does not vary in a symbol interval, i.e, α l (t)e jψ l (t) = α l e jψ l . Thus, the received signal by the target terminal is:
where n w (t) represents the additive white Gaussian lowpass equivalent noise having zero mean and one-sided power spectral density
A rake receiver is utilized in the reception with known channel weights [3] . The decision variable is obtained by correlating the received signal with shifted versions (multiples of T c ) of the spreading sequence of the transmitter and combining them. The transmitted power is assumed the same for all terminals. It is straightforward to show that the signalto-noise-plus-interference ratio per encoded bit, denoted by γ bc , is:
LGp
where r c is the code rate, G p is the processing gain, E b /N 0 is the signal-to-noise ratio, Y = k y 2 k represents the total interference power at the receiver normalized by the transmitted power and χ = L l=1 α 2 l is a chi-squared variable with probability density function given by:
It was considered that α 2 l = α 2 = 1. The probability density function of Y is given by [4] :
(10) where λ t = pλ is the average number of transmitting terminals per unit of area.
The encoded bit error probability conditioned on both the fading and on path-loss is given by [3] :
where Q(.) is the area under the Gaussian tail.
The mean encoded bit error probability is obtained by averaging (11) by f χ (χ) and f Y (y). Once Y and χ are independent random variables, then:
where E Y {x} and E χ {x} represent the mean value of x over Y and χ, respectively.
Firstly, let's average P bc over the chi-squared distributed random variable. This step has a well known closed-form equation given by [3] :
and E χ {γ bc } represents the mean value of γ bc over χ. Averaging (13) over the path-loss variable Y , i.e,
Unfortunately, this integration has no closed form. However, it can be solved by a numerical method.
III. NETWORK CAPACITY
Following the theoretical analysis derived in [4] , the network capacity can be defined. The nodal throughput of the network can be derived as a function of the transmission probability p and the probability of a packet success P s .
The probability of a packet success is entirely dependent on the coding scheme used. A linear block code of length n, k information bits and error correction capability t, represented by (n, k, t) is used. Then, the probability of a packet success is given by:
where P bc is the mean bit error probability given by (15). The nodal throughput is the rate of successfully transmission of a packet by a terminal [4] . Since a uniform traffic is assumed and considering the routing "balanced", then the nodal throughput will be the same for all terminals. The nodal throughput of a network with a very large number of potential transmitters is given by [4] :
where (1−p)(1−e −p ) is the tendency to pair up (per terminal), and P s is the probability of a packet success. The tendency to pair up can be viewed as a tendency to a given transmitter establishes a connection with the considered receiver.
A. Expected Progress per Slot
The expected progress per slot has been used in previous works as a performance criterion of ad hoc networks. It is defined as the number of bit-meters per symbol period per node. The expected progress per slot increases with P s and decreases as the number of hops increases. The expect progress per slot can be expressed by [4] :
where ξ is the one-hop throughput of the transmitter, defined in Eq. (17). Defining N = λπR 2 the average number of terminals that are within a chosen range (the circle of radius R considered) and multiplying Z by √ λ to obtain a dimensionless quantity, the normalized expected progress per slot can be expressed as:
IV. RESULTS Figure 1 shows the normalized expected progress per slot versus the probability of transmission, for multipath Rayleigh fading channel with different values of L. A BCH (127,71,9) code is used and the following parameters are set to: β = 4, G p = 64, Normalized Expected Progress per Slot versus Probability of Transmission with multipath diversity Figure 2 shows the normalized expected progress per slot as a function of the transmission probability p, for a Rayleigh fading channel with L = 2 and L = 5, maintaining the other parameters unchanged. The figure is parameterized by the average number of users N inside the circle of radius R considered. Therefore, N can be seen a measure for the network transmission range.
Notice from the figures that there is an optimum value of p that gives the best network capacity, for a given N . Therefore, the optimum transmission range (distance between transmitter Normalized Expected Progress per Slot versus Probability of Transmission for some values of N and L and receiver) is highly dependent on the transmission probability (or the number of possible interferers). Observe also that an increase in L increases the maximum value of the expected progress. Figure 3 shows the normalized expected progress per slot as a function of the average number of users N . The figure is parameterized by the number of resolvable paths L and the probability of transmission is fixed in 0.2. From the figure, it can be seen that an increase in L also leads to an increase in the transmission range to keep the same performance. 
V. CONCLUSIONS
This work analysed the performance of ad hoc CDMA networks taking into account the presence of multipath fading. CDMA systems are an interesting alternative for ad hoc networks, due to its characteristics, like multipath resistance and interference rejection. The expected progress per slot was taken as the performance measurement adopted. Multipath diversity improves the network performance, which allows an increase in the number of possible interferers. Moreover, it is possible to design rake receivers with an optimum number of fingers and that the transmission range of such networks can be increased with an increase of the number of resolvable paths.
